Molecular imaging is developing fast towards multi-modality and simultaneous therapy. For molecular imaging, upconversion nanoparticles (UCNPs), especially lanthanide-doped nanocrystals own obvious advantages such as low toxicity, large Stokes shifts, high resistance to photo-bleaching and photochemical degradation. Moreover, near infrared (NIR) excitation contributes to the auto-fluorescence minimization, a larger penetrating depth, and less harmfulness to cells compared with traditional ultraviolet (UV) excitation. On the other hand, the composites of UCNPs with biological target molecules exert superior performance, broadening their biological application scope from multi-modality imaging, to simultaneous drug delivery and targeted therapy. Herein, we review main advances of UCNPs applied to tumor multi-modality imaging and simultaneous therapy over the past few years, explore their application prospects, and discuss the concepts, issues, approaches, and challenges, with the aim of improving the application of UCNPs in biomedical imaging and therapy in near future.
Introduction
Molecular Imaging, as an interdisciplinary, quickdeveloping area, realizes the visualization and qualitative and quantification analysis of the cellular function and gene or protein expression in living organisms. Molecular imaging exhibits great potential in applications such as the early diagnosis of diseases such as cancer, and neurological and cardiovascular diseases, and improving the treatment of these disorders by optimizing the pre-clinical and clinical tests of new medicine, as well as earlier and more precise location. Molecular and functional imaging has become a new interdisciplinary frontier in material science and clinical medicine.
Molecular imaging differs from traditional imaging in that probes known as biomarkers are used to help image particular targets or pathways. Biomarkers interact chemically with their surroundings and in turn alter the image according to molecular changes occurring within the area of interest. This process is markedly different from previous methods of imaging which primarily imaged differences in qualities such as density or water content. This ability to image fine molecular changes opens up an incredible number of exciting possibilities for medical application, including early detection and treatment of early cancer and basic pharmaceutical development. Furthermore, molecular imaging allows for quantitative tests, imparting a greater degree of objectivity to the study of these areas.
In recent years, as the nanomaterials with novel properties are fabricated lot, molecular imaging technology has made great advances. For example, fluorescent magnetic nanoparticles [1] , gold nanoparticles, upper conversion nanoparticles, etc. have been actively investigated for their applications in molecular imaging. Herein, we review main advances of UCNPs applied to tumor multimodality imaging [2] and simultaneous therapy [1] over the past few years, explore their application prospects, and discuss the concepts, issues, approaches and challenges, with the aim of improving the application of UCNPs in biomedical imaging and therapy in near future.
Advances of preparation of UCNPs
It is well known that fluorescence imaging is a key technique for biological studies and disease diagnosis due to its high temporal and spatial resolutions. Conventional fluorescence imaging process, namely down-conversion (DC), refers to emitting low-energy photon when excited by a high-energy light (always UV). It has some limitations such as causing DNA damage and cell death due to long-term irradiation with UV or other shortwavelength light, significant auto-fluorescence from biological tissues, low signal-to-noise ratio (SNR) and short penetration depth of short wavelength excitation light in biological tissues. The urgent needs of bioimaging technology, pharmaceutical engineering, diagnosis and treatment of diseases are challenging to find more efficient fluorescence probes than traditional organic dyes. Subsequently, semiconductor quantum dots (QDs) with tunable size-dependent emission, high quantum yields of photoluminescence (PL), broad excitation spectra and narrow emission bandwidths once evoked plenty of researchers' attentions. However, they also have intrinsic limitations such as inherent toxicity and chemical instability in the bio-system even incorporated with Föster resonance energy transfer (FRET) technology. In comparison with UV excitation, NIR excitation could minimize auto-fluorescence from biologicaltissues, penetrate into a larger depth, and is less harmful to cells as well [3, 4] .
Especially, upconversion luminescence (UCL) is a process where low-energy light, usually NIR light (typically 980 nm), is converted to visible light through the sequential absorption of multiple photons or energy transfers induced by a fairly low power (1-10 3 w cm −2 ) continuous wave laser [5] . Up to date, as fluorescent biolabels, UCNPs have shown significant merits over the traditional organic fluorophores due to their attractive optical and chemical features such as low toxicity, large Stokes shifts, high resistance to photobleaching, and photochemical degradation. In particular, lanthanides (Ln)-doped UCNPs exhibit unique UCL properties, such as sharp emission lines (full width at half maximum < 12nm), long life times (~ms), a large anti-Stokes shift, superior photostability, no blinking and no autofluorescence of biological samples [4, 6] . All these make UCNPs an ideal choice as a new generation of luminescent probes for molecular imaging. In addition, UCNPs with a mesoporous or (and) hollow structure have been widely used as ideal carriers for drug delivery, gene therapy and photodynamic therapy due to their high specific surface and cavity volumes. With the progress of nanotechnology, a suite of typical approaches including thermal decomposition method, hydrothermal method, co-precipitation method and so on, have been developed to synthesize distinct UCNPs according to different requirements. These methods have been reviewed in previous review paper and introduced in Table 1 to make them more clear and concise.
Acting as versatile bioprobes applied in nanomedicine and nanotechnology, UCNPs should be provided with uniform size and morphology, excellent water-solubility, suitable surface functional groups for bioconjugation with various biomolecules as well as high luminescent efficiency. To meet these requirements, many efforts have been devoted to the controlled synthesis. For example, Zhao et al. [29] believed that it could precipitate phase transformation from α to β just by tuning the hydrothermal temperature, time and the amount of NaOH. More interesting, upon adjusting the amount of NaOH, NaF, Re 3+ and ethanol, the morphologies for the β-NaReF 4 can range from tubes, rods, wires, zigzagged rods to flowerpatterned disks. As the last element in the lanthanides, Lutetium cations have the smallest Re ionic radii, which may contribute to the exceptional performance of its fluorides [30] . To date, lutetium fluorides with different compositions, morphologies, and crystal phases have been successfully synthesized. However, owing to their size of micron level, most of them can't be implied in life systems. Recently, Li's group have resoundingly synthesized sub-20 nm [31] (Fig. 1 ) and sub-10 nm [32] water-stable Lu-UCNPs, which may be ideal building blocks for multimodal imaging(UCL/CT/MRI/PET) agents. Especially, the sub-20 nm NaLuF 4 co-doped Yb 3+ and Er 3+ (Tm 3+ ) show about 10-fold stronger UCL emission than that of corresponding hexagonalNaYF 4 based nanocrystals with a 20 nm diameter, forecasting NaLuF 4 an ideal host for multimodal bioimaging probes.
In fact, hydrothermal treatment as a typical solution approach has been proven to be the most effective and convenient in the synthesis of orderly uniform, single crystalline and phase-pure UCNPs. However, hydrothermal and other analogous approaches often require an extended period, high temperature and pressure, in company with the exposure of many kinds of toxic byproducts, which may bring about environmental and [7] , NaYbF 4 [8] , NaGdF 4 [9] , LaF 3 [10] Excellent control on morphology and size. Specialized reaction vessels required. Thermal decomposition method NaYF 4 [11] , NaYbF 4 [12] NaGdF 4 [13] [23] , NaGdF 4 [24] , LaF 3 [25] Surface functional.
Ionic liquid-based synthesis NaYF 4 [26] Environmental friendly. Recyclable raw material. Poor size control. Microwave-assisted synthesis NaYF 4 [27] , LaF 3 [28] Time saving. Specialized reaction devices required. safety problems. In addition, conventional synthetic strategies, namely two-step synthetic approaches, commonly need complicated surface modification to couple with functional groups for hydrophily and biocompatibility. Ionic liquids (ILs), owing to their unique properties such as negligible vapor pressure, wide electrochemical window, and thermal and chemical stability, have acted as a promising medium for the synthesis and have been regarded as a "green" alternative to the conventional organic solvents. Nevertheless, the asprepared products usually have poor shape-control, low dispersity and broad size-distribution [33] . Consequently, our group have adopted the notion of liquid-liquid twophase approach (the advantage of thermal decomposition method) and ILs as fluorine source (the advantage of IL-based strategy) and create a novel IL-OA dual phase method ( Fig. 2) , by which hydrophilic and hydrophobic Ln-dopedNaYF 4 ,NaGdF 4 ,NaYbF 4 ,LaF 3 could be selectively synthesized in a one-pot step [33] [34] [35] [36] [37] . We are confident that other kinds of UCNPs with excellent morphology and UC emissions can be gained by this method as well. To sum up, one-step synthesis can simplify the reaction procesure, while products by twostep synthesis have better uniformity and monodispersity.
Advances of UCNPs for molecular imaging
In addition to their own unique properties, UCNPs and their nanocomposites have also attracted enormous attentions in that the integration systems often exert a more superior performance in a sense. "Nanocomposite polymers" are polymers that have dispersed phase with ultrafine dimension, typically on then a nanometer scale. The introduction of inorganic nanoparticles into a polymer matrix has proved to be an effective method to improve the performance of polymer materials and bring about novel properties in them. Up to date, the in situ photopolymerization method has been applied to synthesize bulk nanocomposites consisting of hydrophobic NaYF 4 :Yb 3+ ,Er 3+ (Tm 3+ ) NPs as the filler and poly(methyl methacrylate) (PMMA) as the host material by Lin and co-workers [38] . The nanocomposites were transparent in visible spectral region and exhibited strong green and blue UC luminescence upon 980 nm laser excitation. A multi-functional nanoprobe of polyethylene glycol (PEG) modified BaGdF 5 :Yb, Er UCNPs for trimodal bioimaging of fluorescence, CT and MRI are demonstrated the first time by Hao and co-workers [39] (Fig. 3) . Zhang et al. [40] have synthesized pure cubic PVP/NaYF 4 nanocrystals co-doped with Re 3+ such as Yb,Er(Tm)using PVP as a chelating agent and stabilizer. Moreover, a uniform layer of silica with the thickness adjustable down to 1-3 nm is coated onto the PVP/NaYF 4 nanocrystals to form a core-shell structure.
As we know, gold nanomaterials have been utilized for optical imaging, either via two-photon fluorescence or via surface plasmon resonance (SPR) scattering. However, the real-time visualization and remote detection cannot be achieved at the same time because of lacking an appropriate light source [41] . Yan et al. [42] first observed the enhanced UCLemission of β-NaYF 4 :Yb,Er nanocrystals when coupled to Ag nanowires via a direct assembly method. The enhancement factor for the red emission (650 nm) was larger than that for green emission (550 nm), and could be further increased by the use of Ag islands composed of larger Ag particles. Song, et al. [41] have presented the synthesis of core-shell structured β-NaYF 4 :Yb 3+ ,Er 3+ @AgNPs and their unique bio-functional properties. Consequently the core/shell NPs were expected to be atempting therapeutic agent for tumor ablation with bioimaging and thermal treatment in real time. Qin et al. [43] have explained that it was the plasmon field enhancement effect that was the main reason for the improved UC emission efficiency. In addition, unselectively enhanced multicolour UC emissions and low pumping threshold were achieved in Au@β-NaYF 4 :Yb,Tm hybrid nanostructures. Zhang et al. [44] reported a poly-(aminoacid)-templated gold-shell encapsulation of the silica coatedNaYF 4 :Yb,Er UCNPs, showing how a deft tuning of SPR peak from visible to NIR region dramatically transformed the luminescence quenching into an enhancement effect and how theNPs were used for combined UC fluorescence and dark field light scattering imaging. At one time, most commercially available two-photon fluorophoresare organic dyes that exhibit relatively low two-photon absorption crosssections, fluorescence quantum yield and photochemicalinstability (photobleaching). Many efforts have been made to prepare better organic fluorophores with customized properties, one of which is UCNPs. However, the practical applicability of most efficient known UC materialsat moderate light intensities is limited by their relatively weak and narrowband near-infrared absorption. Lately, Hummelen et al. [45] introduced an analogy that an organic near-infrared dye is used as an antenna for the β-NaYF 4 :Yb,ErNPs used as a upconverter in which dyes were endowed with a new role in UC. The overall UC process is dramatically enhanced (by a factor of ~3,300) as a result of increased absorption (Fig. 4b) . The conclusion has also been confirmed by Liu and coworkers [46] (Fig. 4a and Fig. 4c ).
Advances of UCNPs for Cell Tracking, Labeling and Imaging
Zhang et al. [47] were able to track subtle changes in the distribution of the transplanted cells at high resolution in real time within a localized field of view by using a high magnification 40 × water-immersion objective. Interestingly, Liu's group synthesized a series of UCNPs with different emission colors and used them for multicolor cancer cell labeling, realizing in vivo cell tracking by UCL imaging [48] . Then, they regarded UCNPs as an exogenous contrast agent, highlighting the promise of using UCNPs as a new type of ultra-sensitive probes for labeling and in vivo tracking of stem cells at nearly the single cell level [49] . Recently, Li's group [50] first achieved available quantification imaging by endowing 153 Sm-postlabeling UCNP bifunction of radioactive property and UCL (Fig. 5a ). This isotope labeling method showed rapid treatment time of < 1min, high labeling yield of > 99%, and without usage of organic solvents, and was also suitable for most Redoped NPs to track their in vivo behaviors (Fig. 5b) . Lately, our group [35] prepared folic acid (FA)-conjugated silica-modified LaF 3 :Yb,Tm UCNPs (UCNPs@SiO 2 -FA) with high La content in a single particle. The cell imagine turned out that only very weak background fluorescence is observed, suggesting the as-prepared samples have a perfect SNR. Very recently, our group synthesized Ln-doped onedimensional NaGdF4submicrorods (~100 nm in diameter, 200-300 nm in length) and porous NaYF4microrods (~1 μm in diameter, 3-5 μm in length) by a facile ethylenediaminetetraacetic acid (EDTA)-assisted hydrothermal method, and both have good biocompati-bility and strong CT signal intensity [51] .
Molecular imaging techniques, such as CT, MRI, PET as well as UCL have played very important roles in biomedical research and disease diagnosis. However, information supplied from single modal imaging can't satisfy the higher requirements on the efficiency and accuracy for clinical diagnosis and medical research any more, due to its limitation and default rooted in single modal imaging technique itself [52] . To date, Re-doped NPs have been applied successfully as probes for dualmodality or trimodality imaging including CT, PET and MRI. Due to the super-paramagnetic of iron oxide, iron oxide nanoparticles (IONPs) combined with UCNPs nanocomposites have been widely implied in multimodality imaging especially in T 2 -enhanced MR imaging. Multifunctional nanoparticles (MFNPs) based on UCNPs with combined optical and magnetic properties are synthesized via a simple layer-by-layer self-assembly strategy by Liu's group [53] . PEGylated MFNPs can be used for targeted UCL, MR, and dark-field imaging; for molecular and magnetic targeted photothermal therapy (PTT) of cancer cells; and as a contrast agent for in vivo dual-modal UCL/MR imaging in mice. Besides, IONPs serve as a "buffer" layer between the luminescent UCNP core and the outside gold shell to reduce the UCL quenching effect. However, it is proven that the intensity of UCL emission will be weaker in the presence of the On the other hand, it has been figured out that Gd 3+ is an another good paramagnetic source when doped with Reions as a host (typically NaGdF 4 ) in T 1 -enhanced MR imaging. Muhammad et al. [55] created a seedmediated synthetic route to prepare core-shell structured NaYF 4 :Yb, Er/NaGdF 4 nanocomposites. They believed that the epitaxial growth of a gadolinium layer on an UC lanthanide seed not only improved its upconversion fluorescence, but also produced a paramagnetic shell with high magnetic resonance relaxivity. Song and co-workers [56] 4 and NaGdF 4 microcrystals. It turned out that both of them can exhibit paramagnetism at 300 K whereas NaYF 4 microcrystals present a near superparamagnetic behavior at the magnetic range of -2 to 2 kOe. Both UCNPs exhibit superparamagnetic behavior at 2 K. Their saturation magnetizations were 12.1 and 129.2 emu g −1 for NaYF 4 and NaGdF 4 crystals, respectively.
Advances of UCNPs for drug delivery and simultaneous therapy
UCNPs are also interesting nanocarriers for gene or drug delivery [58] [59] [60] [61] . Especially, Liu's group have made a great effort and paved the way for multi-functional therapy in this field. For example, PEGylated UCNPs were loaded with a commonly used chemotherapy molecule; doxorubicin (DOX). The loading and releasing of DOX from UCNPs were controlled by varying pH, with an increased drug dissociation rate in acidic environment, favorable for controlled drug release. It was found that DOX was shuttled into cells by the UCNP nano carrier and released inside cells after endocytosis. Besides DOX, this non-covalent drug loading strategy can also be used for loading of photosensitizer molecules on UCNPs for potential NIR light induced photodynamic therapy (PDT) [58] , whose conclusion is similar to Zhao's [60] . Liu's group further encapsulated UCNPs together with IONPs, obtaining an UC-IO@polymer multi-functional nanocomposite system via a microemulsion method. Then, DOX was also loaded into the nanocomposite, forming an UC-IO@polymer-DOX complex, which enabled novel imaging-guided and magnetic targeted drug delivery [59] (Fig. 6) . Recently, Lin and co-workers have achieved NIR-light-activated photopolymerization and controlled drug delivery for PEGDA hydrogels by utilizing multicolor UCL of Re-doped UCNPs. The loading capacity of zinc(II) phthalocyanine could reach 12.3% into UCNPs-PEGDA hybrid microspheres [62] .
Additionally, mesoporous structures are one kind of good drug delivery tools. LaF3:Yb 3+ ,Er 3+ @nSiO 2 @mSiO 2 NPs were synthesized by Zhang and co-workers. Owning to the big enough surface area and pore volume of outer mesoporous silica shell, Ibuprofen (IBU) could be stored in the channels of the microspheres, and most of the drug molecules incorporated could be released to the simulated body fluid (SBF) in 70 h [63] . Very recently, Lin and coworkers [61] novelly synthesized α-NaYF 4 :Yb 3+ ,Er 3+ nanospheres (~130 nm) with mesoporous shell and hollow interior structure (HMNPs) tin which anti-cancer drug carriers could be leaded. Then, the drug storage/release properties were tested and it turned out that FA-modified HMNPs exhibited greater cytotoxicity than DOX-loaded α-NaYF 4 NPs, indicating tremendous potential for simultaneous targeted anti-cancer drug delivery and cell imaging, agreeing with Zhao and co-workers [64] .
The siRNA and DNA have been attached to UCNPs respectively. According to Ye's report [3] , siRNA was attached to anti-Her2 antibody conjugated NaYF 4 :Yb 3+ , Er 3+ @SiO 2 and the delivery of these NPs to SK-BR-3 cells was studied, having achieved targeted delivery of siRNA to cancer cells. Lu and co-workers [65] introduced an exceptionally simple strategy to prepare uniform DNA modified UCNPs as versatile bioprobes. Furthermore, DNA molecules on the DNA-UCNPs retained their biorecognition ability, allowing programmable assembly of hybrid nanostructures. More importantly, these DNAUCNPs were capable of crossing cell membranes without the need of transfection agents, and their use as agents for bioimaging and DNA delivery were also demonstrated. Very recently, Xing and co-workers reported that upon NIR light irradiation, the photocaged linker on the SiUCNPs surface could be cleaved by the upconverted UV light and thus initiated the intracellular release of the siRNA. The in vitro agarose gel electrophoresis and intracellular imaging results indicated that the Si-UCNPsbased gene carrier system allowed effective siRNA delivery and the applications of NIR light instead of direct high energy UV irradiation may greatly guarantee less cell damage [66] .
Except for drug loading and delivery, UCNPs have been extensively applied to targeted therapy of disease, including chemotherapy, PDT, PTT. Recently, Zhang's group [67] have creatively synthesized a meso-porous multifunctional UC luminescent and magnetic "nanorattle" nanomaterial that can be directed by an external magnetic field to a specific target with a therapeutic agent in the mesoporouses, meanwhile having low cytotoxicity and excellent cell imaging properties. PDT, which is known as a non-invasive medical method to treat diseases such as cancer [68] , utilizes a photosensitizer working as a light-sensitive drug to treat the target tissue locally upon the irradiation of light with appropriate wavelengths. Conventional PDT is limited by the penetration depth of visible light needed for its activation; however, UCNPs have shown tremendous potential in PDT [69] [70] [71] [72] [73] . As early as in 2007, UCNPs were first introduced into PDT by Zhang and co-workers as a new type of photosensitizers and brought close to the target cancer cells through antigen-antibody interaction with good specificity and versatility [69] . In 2008, PEI/ NaYF 4 :Yb 3+ ,Er 3+ NPs with green/red emission, playing a role of nanotransducers to enable PDT in deep tissues were targeted to folate receptors on human colon cancer cells by Zhang's group [70] . After that, they incorporated photosensitizers into the porous silica shell of UCNPs for PDT of cancer cells [71] , and then further developed a means to amplify the therapeutic function of UC fluorescence-based PDT [72] by bringing a combination of two photosensitizers (as opposed to previous singlephotosensitizer approaches) to a treatment site without the need for complicated multiple-wavelength excitation (Fig. 7) . Recently, dual-modal in vivo tumor imaging and PDT were performed using photosensitizer-conjugated β-NaYF 4 :Yb,Er/NaGdF 4 core-shell UCNPs by Hyeon and co-workers [73] .
PTT is a treatment regime involving irradiation of diseased tissue with electromagnetic radiation to cause thermal damage. The spatial specificity and minimalinvasiveness make PTT an attractive therapeutic model, as compared to surgery or other invasive therapeutic procedures [68] . Chou and co-workers [74] synthetized a UCNP/silica/Au structure that showed green emission coupled with the surface plasmon of Au, which leaded to rapid heat conversion. The thermal damage was efficient enough to destroy BE (2)-C cancer cells and showed strong potential in PTT. On the other hand, HepG2 cells from human hepatic cancer and Bcap-37 cells from human breast cancer incubated with the NaYF 4 :Yb 3+ , Er 3+ @Ag nanocomposites were found to undergo photothermally induced death on exposure to 980 nm NIR light by Song and co-workers [75] , and the optimum mortality approaches 95% with a power density of 1.5 
W cm
−2 , which is much lower than that reported for Au nanoshells and nanorods. Liu et al. [76, 77] have further presented that multifunctional UCNPs can be used for in vitro targeted UCL, MR, dark-field imaging and magnetic targeted PTT of cancer cells, highlighting the promise of using UCNPs for cancer theranostics.
Conclusion and outlook
UCNPs have aroused wide attentions in recent years, and are actively investigated for their application in molecular imaging. However, to our best knowledge, it does exist a number of challenges and hardship to overcome in the field, which may lead the research trend in the near future in turn. For example, conventional synthetic strategies always need post modification to couple with functional groups for hydrophily and biocompatibility. However, one-pot methods for synthetizing hydrophilic UCNPs are still in the infant, as well as the problem on how to improve their monodispersity. As is well-known, UCNPs in hexagonal phase has stronger luminescence efficiency than that in cubic phase while the mechanism hasn't been demonstrated systematically yet and more investigations are still needed. On the other hand, despite UCNPs have exhibited superior performance compared with QDs, their luminescent intensity and color diversity always can't catch up with the latter. Thus, how to improve UCL intensity tactfully is extremely urgent. We believe that new generation of UCNPs with strong fluorescent signals will be fabricated and own great potential in applications such as molecular imaging and simultaneous therapy in near future.
